Earle's L-929 fibroblasts from cultures treated with 5-10 µg/ml of vincristine sulfate have a large number of eosinophilic, proteinaceous crystals in their cytoplasm . In electron micrographs, large arrays of helical polyribosomes, stacks of Golgi lamellae, and membranes of granular endoplasmic reticulum are seen in the cytoplasm of these cells . "Stalks" of fine granular material, approximately 300 A wide, are often seen in association with the arrays of the helical polyribosomes . In many sections rows of helical polyribosomes and filaments emerging from individual polyribosomes are seen in intimate contact with the crystals . A gradual reduction in the number of crystals and crystal-bearing cells is seen in cultures removed from the drug-containing medium and reincubated in fresh medium . In electron micrographs, these reincubated cells show large aggregates of filamentous material in the cytoplasm, and in many sections filaments are seen in continuity with the crystals .
INTRODUCTION
Vinblastine sulfate and vincristine sulfate (Velban and Oncovin, E . Lilly, & Co., Indianapolis, Ind .) are important mitosis-arresting, antitumor alkaloids from periwinkle (Vinca rosea) (1-3) . The mitosis-arresting (C-mitotic) effect of these Vinca alkaloids has been shown to be due to their inhibitory effect on the spindle microtubule assembly (4-6) .
Formation of large "microtubular crystals" in cell cultures exposed to heavy doses of vinblastine sulfate (VLB) and vincristine sulfate (VCR) has been reported recently by Bensch and Malawista (7) . They have described crystals up to 8 µ in length, which appeared in tissue culture cells within 30 min of exposure to 5-10 µg/ml of VCR or VLB . Neither colchicine nor puromycin prevented the formation of these crystals, although puromycin did retard their growth . On the basis of structural resemblance between the tubular subunits of the crystals in cross-section and the normal tubules, these workers concluded that the crystals were formed by the microtubule protein (7) .
In a similar report, Schochet et al . (8) described the presence of acidophilic, rhombohedral crystals in neurons of a child with acute lymphocytic leukemia after treatment with intrathecal administration of vincristine sulfate . In addition, clumped masses of Nissl substance, which at the ultrastructural level were composed of conglomerates of free ribosomes admixed with short fragments of granular endoplasmic reticulum, and large "skeins of interwoven neurofilaments" were seen in these cells . Basing their conclusion on the appearance of apparent continuity between neurofilaments and the crystals, those authors suggested that the crystals resulted from a helical arrangement of the neurofilaments. Vincristine-induced neurofibrillary degeneration leading to accumulation of large masses of fibrous material in the neurons of patients treated with intravenous vincristine has been recently reported (9) .
Observations in the present study show the absorption of vincristine-induced crystals and their replacement by large patches of wavy filamentous material in the cytoplasm of cells washed and reincubated in fresh medium . Morphological evidence is presented to show that this filamentous material results from the breakdown of the crystals after removal of cells from the drug-containing medium .
In an earlier study (10), we reported the hypertrophy of granular endoplasmic reticulum and annulate lamellae in Earle's L-929 fibroblasts exposed to mitosis-arresting but nonlethal doses of VLB . The present study reports observations on the association of large rows of helical polyribosomes, filaments, and crystals in cells treated with high lethal doses of VCR .
MATERIALS AND METHODS
Earle's L-929 mouse fibroblasts were grown in glass prescription bottles or Leighton tubes in medium 199 supplemented with 10% heat-inactivated fetal calf serum, penicillin (100 IU/ml) and streptomycin (100 ,ug/ml)-For cytochemical observations, Leighton tube coverslips were fixed in Carnoy's (1 :3) acetic :alcohol, neutral formalin (10%), or cacodylate-buffered 2% glutaraldehyde (pH 7 .2) .
The Acrolein-Schiff method of Van Duijn (11) was used to stain proteins ; to demonstrate acidic proteins, preparations extracted with hot 4% trichloroacetic acid (90°C, 15 min) were stained with fast green FCF (12) .
Coverslip preparations were incubated with 0 .25% trypsin (pH 7 .5) at 37°C for 15-30 min, and pepsin (0 .5% in 0.1 N HCl for 60 min), rinsed with cold trichloroacetic acid, and stained with carbol fuchsin (13) and aqueous fast green FCF .
RNA and DNA were removed from the coverslip preparations by hot extraction (90°C) in 4% trichloroacetic acid for 15 min . Coverslip preparations and I u thick Epon-Araldite sections were stained with Feulgen's after 10-15 min of acid hydrolysis in 1 N HCl, followed by counterstaining with 170 aqueous or alcoholic fast green FCF .
Ultrathin sections on Formvar-coated grids were 554 THE JOURNAL OF CELL BIOLOGY • VOLUME 43, 1969 treated with H202 (10%) for 10-15 min at 37°C, washed in water, and immersed in 0 .5% pepsin (in 0 .1 N HCl) for 15 min at 37°C (14) . Washing in water was followed by staining with 1 % uranyl acetate and lead citrate . Leighton tube cultures were incubated with the following inhibitors of RNA and protein synthesis : actinomycin D (0.25-1 ug/ml) and VCR (10 µg/ml) for 3 hr ; p-fluorophenylalanine (1 .83 Mg/ml) and VCR (10 pg/ml) for 3 hr ; actinomycin D or puromycin (0 .25 pg/ml) from 30 min to 3 hr before the addition of VCR (10 .tg/ml) to the culture medium. Cultures treated with colchicine (10 yg/ml) for 1-24 hr were also incubated with medium containing VCR (10 sg/ml) for 3 hr .
For observations on the resorption of crystals, monolayer cultures were exposed to vincristine (5 ,ug/ml) for 3 hr, washed three times in Hanks' balanced salt solution, and reincubated in fresh, prewarmed medium from 30 min to 4 hr.
All light microscopic preparations were fixed in Carnoy's (1 :3) acetic :alcohol and stained with carbol fuchsin and 1 0/0 aqueous fast green FCF . For electron microscopic studies, cultures were trypsinized, lightly centrifuged, and the resulting cell buttons were washed 3 times in prewarmed Hanks' balanced salt solution and fixed in 2% cacodylatebuffered glutaraldehyde (pH 7 .0-7 .2) at room temperature (21-22°C) for 30-60 min. Washing of the cell buttons in 6% buffered sucrose solution was followed by postfixation in 2% buffered osmium tetroxide (pH 7 .0-7 .2) for 1-2 hr, and by dehydration in a graded acetone series . Material was embedded in an Epon-Araldite mixture.
Sections were stained with lead citrate and examined in a Philips 300 electron microscope .
RESULTS
Earle's L-929 fibroblasts incubated in vincristinecontaining medium show a gradual accumulation of crystals in the cytoplasm . In cells examined under phase-contrast microscopy, VCR-induced crystals appear as thin, shiny, 3-10 µ long structures, often surrounded by a prominent halo . In Carnoy's-fixed material ( Fig . 1 ) they appear as short square structures, while in 701'/0 alcohol or glutaraldehyde-fixed material ( Fig. 2 ) they are preserved as long and thin structures . In cells fixed with 10% buffered (pH 5-7) formalin, they appear in negative contrast under phase-contrast microscopy, and do not stain with I % aqueous fast green, which stains the crystals bright green after Carnoy's or glutaraldehyde fixation .
VCR-induced crystals take up a bright magenta color after staining by the acrolein-Schiff method All figures are from cultures initially incubated in medium containing 5-10 pg/ml of vincristine sulfate for 3 hr, unless stated otherwise . Magnification marker is 1 µ long unless stated otherwise . FIGURE 1 Shows a large number of vincristine-induced crystals in the peripheral cytoplasm of a binucleate cell . Carnoy's (1 :3) acetic : alcohol fixation . Magnification marker is 50 µ . X 437 . FIGURE 2 After 5 hr of incubation in VCR-containing medium and fixation in 70% alcohol . Magnification marker is 10 µ . X 1,250 . (11) for the reactive groups in the proteins . They are not stained by the Feulgen reaction, and their persistence in cells extracted with hot 4 % trichloroacetic acid (90°C, 15 min) confirms the absence of any appreciable amount of nucleic acids in these structures . Similarly, after extraction with hot trichloroacetic acid these crystals do not stain with the alkaline fast green method of Alfert and Geshwind (12) for acidic proteins . Digestion of cells in 0 .25% trypsin (pH 7 .5) for 30-60 min also failed to remove the crystals, whereas pepsin (0 .5 0/0 in 0 .1 N HCL for 30 min) removed the crystals from coverslip preparations . However, extraction of epoxy-embedded sections in pepsin, which selectively removes the tubules of the centriolar triplets (14), did not affect the crystals.
In cultures treated with 5-10 µg/ml of VCR, the well-spread out, large cells normally show the maximum number of crystals, and it is not unusual to see as many as 20-50 discrete crystals in a single cell (Fig . 1) . Similarly, multimicronucleated cells, induced by exposure of cultures over a long period of time (24-36 hr) to low doses of colchicine or VLB (6), when treated with the higher concentrations (5 or 10 µg/ml) of VCR, contain a large number of relatively big crystals in the cytoplasm .
It was originally reported by Bensch and Malawista (7) that exposure of cells to puromycin for 20 min before VCR did not prevent the formation of the crystals, although they were smaller and fewer in number in cells so treated . In the present experiment, we treated cultures with puromycin (0 .25 pg/ml) from 30 min to 3 hr before exposure to VCR. There was no appreciable difference in the number of crystals per cell or the percentage of crystal-bearing cells between the cultures exposed to the protein inhibitor puromycin before the addition of VCR, and the cultures treated with VCR alone . Similarly, exposure to actinomycin D and p-fluorophenylalanine did not make any difference in the number of crystals or in the percentage of cells showing the crystals . All these experiments were limited to 3-6 hr . It remains, however, to be seen whether these inhibitors will affect the subsequent growth and the final size of the crystals .
Electron Microscopic Observations
At the ultrastructural level of resolution, cells treated with higher doses of VCR contain a large number of crystals, helical polyribosomes, aggregates of Golgi membranes, and rough endoplasmic reticulum in the cytoplasm . Fig . 3 shows a large number of crystals in the cytoplasm of a cell treated with VCR for 3 hr. As observed by Bensch and Malawista (7), VCR-induced crystals are often large and may often be as long as 8 µ .
In cells exposed to these heavy doses of VCR, large rows of linearly aligned ribosomes and helical polyribosomes are often seen in association with electron-opaque granular material . Fig . 4 shows a number of longitudinally arranged ribosomes and helical polyribosomes aligned on an approximately 300 A wide "stalk" of granular material . In some sections (Fig . 5) these stalks appear morphologically more or less similar to the "abnormal large microtubules" reported by Bensch and Malawista (7), while in some other sections (Fig . 6 ) they may not show the sharp outlines normally seen in longitudinally cut microtubules (see discussion) .
In other sections, for example in Fig. 7 , a large row of polyribosomes seems to be in apparent continuity with a large crystalline mass . Fig. 8 shows at higher magnification the region of intimate association between the array of helical 556 FIGURE 3 This electron micrograph shows a large number of crystals in the cytoplasm of a cell incubated in vincristine-containing medium . X 32,600 .
THE JOURNAL OF CELL BIOLOGY • VOLUME 43, 1969 polyribosomes and the longitudinal filaments of the crystal . In favorable profiles filaments (arrow) emerging from a helical polyribosome appear to continue as individual filaments in the crystal (Fig . 9) . In Fig . 10 , at least three such formations are seen.
Resorption of Crystals
Cells from cultures pretreated with vincristine and then washed and reintubated in fresh medium show a gradual reduction in the number of crystals and crystal-bearing cells . In Fig . 11 , the arrow points to the few remaining crystals in the cytoplasm of cells from a culture treated with vincristine for 3 hr and then washed and reintubated in fresh medium for 1 hr . Fig . 12 shows vincristinetreated cells from a culture postincubated for 4 hr in fresh medium . All vincristine-induced crystals have disappeared, and none can be seen in the cytoplasm of these cells.
Cells reincubated in fresh medium after removal from the vincristine-containing medium show, at the electron microscopic level of resolution, a reduction in the number of crystals and a large increase in the amount of fine filamentous material in the cytoplasm . In Figs . 13 and 14 , 50-80 A wide filaments are seen in scattered small bundles and in large wavy patches in the cytoplasm of cells postincubated for 2 hr. Fig . 15 shows both a large vincristine-induced crystal and filamentous material in the cytoplasm of a cell exposed to vincristine (5 µg/ml) for 3 hr and reincubated in fresh medium for 2 hr ; arrows show points of apparent continuity between the filaments and the crystal. DISCUSSION In the present study we have described the prominent rows of helically arranged granules as "helical polyribosomes," on the assumption that their constituent subunits are similar in size and electron-opacity to the ribosomes seen individually and in clusters in the surrounding cytoplasm . At the present stage, we have no evidence to show either the presence or the absence of messenger RNA holding these ribosomes in a helical configuration .
The fine granular material seen in association with the polyribosomes appears in some sections as an aggregation of electron-opaque material, while in other sections it more or less resembles the so-called "large microtubules" described by Bensch and Malawista (7) . Our preliminary observations on human leukemic lymphoblasts exposed to VLB (Krishan and Hsu, unpublished observations) suggest that various stages in the development of the polyribosome-granular material can be recognized . In what may be early developmental stages, helical polyribosomes are seen in association with dense granular material which shows faint linearity but in cross-sections is devoid of any tubular profiles . In subsequent stages, tubular profiles resembling those described by Bensch and Malawista (7) are recognizable embedded in the granular material, which is com- paratively less electron opaque and has fewer associated ribosomes.
It is fairly evident from some earlier time-lapse cinematographic and electron microscope studies (4-6, [15] [16] [17] that the so-called C-mitotic drugs such as colchicine, vinblastine, vincristine, etc., arrest cells in mitosis by preventing the assembly and formation of the microtubules, which in turn are the essential constituents of the mitotic spindle . This inhibition and breakdown of the spindle microtubule assembly by chemical compounds or by physical agents (such as low temperature or high hydrostatic pressure) has been demonstrated in materials as varied as heliozoa (18), sea urchin eggs (5), mammalian cells in culture (6, [15] [16] [17] , and plant cells (19) . In many cases inhibition of the microtubular assembly is reversible, and these cells are capable of reorganizing the microtubular system that may form either the spindle apparatus of the dividing cells (5, 6, 15) or the skeleton for the axopods (17) .
In our earlier study with VLB, we described the 558 THE JOURNAL OF CELL BIOLOGY . VOLUME 43, 1969 presence of large filamentous masses in association with kinetochores and chromosomes of cells recovering from the VLB-induced mitotic inhibition (6) . On incubation in fresh medium, spindle microtubules were seen in association and interspersed within these filamentous masses, and subsequently these cells resumed cell division . Similarly, Tilney et al . (20) described fibrous material at the sites of microtubular disintegration in heliozoa which had withdrawn their axopods in response to high hydrostatic pressures . Similar evidence for interconversion of neurofilaments and the neurotubules of the nervous system has been recently presented . For example, Wisniewski et al . (21) have reported the presence of numerous bundles of neurofilaments but a decreased number of neurotubules in the anterior horn cells of animals injected with colchicine or vinblastine in the subarachnoid space ; after 5 days of recovery numerous neurotubules were reported in the neurons of these animals . The interrelationship between the neurofilaments or filaments on one hand and the Proteinaceous crystals and filamentous masses have been reported, in a number of animal cells, FIGURE 13 Large aggregates of fine filamentous material and annulate lamellae (arrow) are seen in the cytoplasm of this cell reineubated in fresh medium for 2 hr after exposure to vincristine . X 21,000 .
FIGURE 14 Shows at a higher magnification a large aggregate of filamentous material in a cell reintubated for 2 hr in fresh medium . X 32,290 .
as either occurring naturally or being induced by antibiotics (26) (27) (28) (29) (30) (31) . The crystals seen in the present study and reported earlier by Bensch and Malawista (7) in cultured cells and by Schochet et al . (8) in the neurons of a patient treated with intrathecal injections of VCR are proteinaceous in nature as indicated by their acidophilic nature, strong affinity for protein stains, extraction with pepsin, and resistance to extraction with hot trichloroacetic acid .
In the present study, we have shown that, in cells removed from the VCR-containing medium, crystals are replaced by large aggregates of filaments, and that in many cases continuity between these filaments and the crystals is seen . These observations suggest that the material forming the crystals probably gives rise to these masses of filaments in cells removed from the VCR-containing medium . Further evidence to support this interrelationship between the filaments and the crystals has been provided by Schochet et al . (8) who reported apparent continuity between neurofilaments and the osmiophilic densities of the crystals . Those authors have also suggested that the crystals are formed by the helical arrangement of the neurofilaments .
In an earlier study (10), we reported the hypertrophy of the granular endoplasmic reticulum and annulate lamellae in cells treated with sublethal but mitosis-arresting doses of vinblastine sulfate . Cells treated with these low doses of VLB for long periods of time are often large in size . In electron micrographs, these cells do not show any apparent decrease in the density of the cell organelles, and thus the increase in their cellular volume must be the result of new synthesis in the presence of the alkaloid .
The lack of a significant effect of puromycin, actinomycin D, or p-fiuorphenylalanine on the appearance of the crystals in VCR-treated cells suggests that a large number of these crystals are initially formed from preformed proteins (possibly the precursors of the microtubular-filamentous elements) . It is tempting to hypothesize that removal of these proteins from the cell pool in the form of the crystals stimulates further synthesis of such proteins as evidenced by the observed increase in FIGURE 15 A large vincristine-induced crystal and scattered filaments are seen in the cytoplasm of a cell reincubated for 2 hr in fresh medium . Arrows show points of continuity between the filaments and the crystal . X 77,400 .
the number and size of the crystals with time (7) and the presence of large arrays of helical polyribosomes .
To summarize, the observations made in the present study and by other workers show that the following hypothetical events are consistent with the events observed in cells arrested in mitosis by the so-called C-mitotic alkaloids (4, 8, [15] [16] [17] [18] [19] . Low doses of VCR and VLB apparently stimulate synthesis of new cellular material as shown by the hypertrophy of the endoplasmic reticulum, presence of large masses of polyribosomes, and the observed increase in the cell volume . Microtubules are rare in cells treated with these C-mitotic drugs ; instead, these cells often show prominent centromeres (32, 33) , multiple centrioles (6, 15), and large amounts of filamentous material in association with the centrioles and the centromeres (6) . Apparently, centriolar duplication is not affected in many cases, and the cells upon removal from the drug-containing medium undergo multipolar divisions . These reincubated cells also show the reappearance of a large number of microtubules in association with the filamentous masses (6) . That the filaments and the microtubules are interchangeable is supported by observations on heliozoa exposed to hydrostatic pressure (18, 20) and by those on animals recovering from exposure to colchicine and Velban (21) .
Higher doses of VCR and VLB (but not col-4 . GEORGE chicine and Colcemid) can lead to the formation of proteinaceous cytoplasmic crystals . Formation of these crystals is a reversible phenomenon, and upon removal from the drug-containing media the crystal-bearing cells lose these prominent structures and are, instead, filled with large masses of filaments . This observation not only suggests that the filaments and the crystals are interchangeable, but provides additional support for the hypothesis that the materials for the filaments seen in the C-mitotic cells, the crystals in VCR-VLB treated cells, the microtubules of the spindle, cytoplasm, and axopods of heliozoa, and the neurofibrils and neurotubules, are all formed from a pool of similar cellular proteins and are mutually interchangeable .
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